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Abstract 
Nanoparticles (50-200 nm) containing W, C and Fe (with W/Fe weight ratios between 1.5 and 9) were produced from 
alkoxide-mixtures subjected to partial oxidation and reduction in 10%H2-Ar up to 1000ºC. During heating in a dilatometer 
under Ar or 10%H2-Ar flow, pellets made of nanoparticles with a W/Fe=1.5 ratio exhibited an expansion at low 
temperatures (400-600ºC) and then rapid densifications at higher temperatures. For such a material DTA traces under Ar 
flow showed endothermic / exothermic peaks at about 400ºC and 700ºC. The formation of pure Fe and FeWO4 at ca. 
300ºC was detected by XRD at high temperatures (and under vacuum). A clear densification between 650ºC and 900ºC 
was detected in the pellet treated in the dilatometer under a flow of 10%H2-Ar (up to about 1030ºC), associated to solid 
state sintering stage of nanoparticles of Fe and FeWCxO1-x (Fe6W6C, Fe3W3C, W2 C, WC, FeWO4) compositions. After 
a subsequent similar run under 10%H2-Ar the specimen only showed expansion between 500 and 900ºC and continued 
densifying for temperatures higher than 900ºC. At the end of the run the sample was completely reduced to a mixture of 
Fe & Fe2W (Laves phase). The consolidation increased the particle size considerably.  
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1. Introduction 
In this work the formation and densification of nanocrystalline phases in the Fe-W-C(O) system was 
investigated. The objective of the work was to study the formation of metal matrix composites (Fe-based 
binders) having tungsten carbides/sub-carbides, which are finely and uniformly precipitated in sol-gel masses 
conveniently reduced. Nanoparticles are of interest to produce materials with high hardness and also high 
toughness owing to their reduced grain size (  100nm). WC-metal composites show high resistance to friction 
and wear and are made by powder metallurgy methods. By this method is not possible to produce nanometric 
composites due to the fact that the initial particle size of the WC and metal powders are in the range of 
400nm. Another problem involved in making nanoscale WC-metal composites is related to the consolidation 
/densification of the powders. The driving force for sintering (T~1250°C) is the decrease in surface energy of 
the particles. The smaller particles tend to grow very quickly due to the high surface/volume ratio, Tjong and 
Chen, 2004. In this work nanocrystalline precipitates containing W, Fe, C and O were produced by sol-gel 
techniques. The formation of the nanoparticles, in particular M6C/M12 C (M=Fe,W), W2C and carbide WC, 
Chou et al., 2002, Medeiros et al., 2001, Liang et al., 2003 and its densification was investigated. 
  
2. Experimental  
 
Masses of sol-gel (Table 1) were obtained by mixing metal compounds (based on Fe and W alkoxides). 
For 1 g of total metal 4 g of copolymer P123 as carbon source dissolved in pure ethyl alcohol (P123, 
Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) [435465 Aldrich, MW5800]) 
was added. Mixing (400 rpm)  was performed at 20ºC (24h). The masses obtained were dried 48h at 60°C.  
 The dry carbonaceous products were heated first under air and then under reducing atmosphere according 
to the cycles shown in Table 1 with the objective of evaluating the crystal phases formed as a function of heat 
treatment. Results are described for 4 compositions: B3 (W/Fe: 1.5 by weight), B5 (W/Fe: 60/40), B6 (W/Fe: 
90/10) and B7 (W/Fe: 85/15). The compound of Fe for B3 contained traces of NaCl and therefore differs 
slightly from the other mixtures. For studies of phase formation and/or densification the reduction step was 
made under a flow of 10% H2-Ar mixture at temperatures between 850-1050 °C.  The mechanisms  
 
Table 1. Heat treatment (HTx) schedules for specimens investigated 
Code Composition Heat treatment  
HT1 HT2 HT3 HT4 
B3 W/Fe=60/40= 1.5(wt% 
ratio);  
W/Fe=31.3/68.7=0.46 
(at% ratio); Fe/W=2.18 
Heating rate (HR) at 
0.5ºC min-1 in air until 
360ºC; + (HR) at 
4ºCmin-1 in 10% H2-
Ar, up to 765ºC (1h). 
 (HR) at 0.5ºC min-1 
in air until 
180ºC(4h); + (HR) at 
4ºCmin-1 in 10% H2-
Ar, up to 965ºC(1h). 
 
B5 W/Fe=60/40=1.5  (HR) at 2ºC min-1 
in air till 500ºC 
(5h) 
 (HR) at 0.5ºC min-1 
in air until 180ºC 
(4h); + (HR) at 
4ºCmin-1 in 10% H2-
Ar, up to 850ºC (1h). 
B6 W/Fe=90/10=9     
B7 W/Fe=85/15=5.67  (HR) at 2ºC min-1 
in air till 500ºC 
(5h)  
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involved in the conversions were studied using DTA (Universal VIIIATA and Netzsch DSC 404C), low and 
high temperature XRD (Philips PW1700 and Xpert, PANalytical), dilatometric (Theta Dilatronics II; USA) 
expansion/densification and SEM (Philips 515) and TEM (Philips CM200/Tecnai F20-200KW) techniques. 
3. Results and Discussions 
3.1 Phase formation  
 
In Fig.1 (a) the XRD ( CuK : 0.15405nm) lines for powders B5 and B7 oxidized (500°C, 5h, air) and the 
main phases formed FeWO4 (majority) and Fe2O3 are shown. XRD lines are observed with some widening 
suggesting elementary grains of small size. The FeWO4 reflections for B7-500°C are more intense than for 
B5-500°C, which may be due to the higher ratio W/Fe=5.7 for B7. The formation of carbides in these 
compositions is presented later.   
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Fig. 1. (a) XRD of B5 and B7 heated up to 500ºC; (b) DSC/DTA of B3 and B5 heated under Ar flow  
 As explained above there were small compositional variations for B3 and B5 and the following tests by 
calorimetry (DSC/DTA) and XRD (determination of phases formed) were made to assess final differences 
between B3 and B5. It is noted that the C content of these samples is not known. In Fig.1 (b) four traces of 
DSC/DTA runs under Ar flow for B3 and B5 dried precursors are shown. The data with full symbols were 
obtained with Netzsch DSC 404C apparatus and those with open symbols with an Universal VIIIATA DTA. 
In the DTA 20mg of powdered sample packed in Al2O3 crucibles (Almath Crucibles, UK) was used. The 
reference was -Al2O3 powder. The events are roughly similar in both instruments, although the DSC-peaks 
exhibit greater intensity/resolution. At about 400°C and 700°C endothermic/exothermic peaks in both 
precursors, B3 and B5 are detected. Chou et al., 2002 suggested that in amorphous thin films in the system 
Fe-WC (produced via 'electroplating') Fe and Fe2W/Fe6W6C phases are precipitated at 350°C and 620°C 
respectively. It is possible that these precursors are fairly amorphous after drying so that they could crystallize 
similar phases as detected in the films.   
 
In Fig. 2(a) the XRD spectra (room temperature) for powders B3 and B5 after both the DTA run up to 
1200°C in Ar and the separate heat treatment at 965ºC in 10% H2-Ar are shown. For B3 and B5 (1200°C in 
Ar) the diagrams are very similar showing the phases FeWO4 (JCPDS 74-1130), Fe2W (03-0920) or (Fe7W6) 
(42-1209), Fe (06-0696) and Fe4C0.63 (71-1174). Rough estimation of levels (wt.%) of such phases in B5 
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(1200°C in Ar) suggests the following composition: 73% FeWO4, 21.1% [Fe+(Fe7W6)] and 5.3% Fe4C0.63. 
There are small differences in the position of the X-ray peaks for B3 and B5, suggesting that these precursors 
can have different compositions after heat treatment. Moreover, and as shown in Figures 2(a) and 3(b), when 
B3 and B5 are heated in H2/Ar, the sub-carbides that form are M12C in B5 and M6C in B3. This suggests that 
the B5 precursor has less carbon than B3 which in turn also has a lower C content than that required in the 
formation of the mono-carbide WC phase.  
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Fig. 2. (a) XRD of B3 and B5 heated up to 1200ºC in Ar and up to 965ºC in 10%H2-Ar; (b) XRD of B5 at high T(ºC) and in vacuum  
In Fig. 1(b) it is noted that the phase FeWO4 does not show any melting point up to 1200°C in Ar, although 
Bharati et al. 1983 mentioned that some authors obtained fusion of the compound at about 1000°C. This could 
indicate either a probable effect of grain size of the FeWO4 particles or a specific effect of the other coexisting 
phases Fe, Fe7W6 and perhaps some amorphous carbon on the melting point of the compound. Frey and 
Payne, 1996 stated that for ultrafine particles of BaTiO3 ( 100nm) the tetragonal-cubic phase transition shifts 
down from 125ºC to room temperature and/or disappears completely with decreasing grain size.  
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Fig. 3. (a) XRD of  B3 at different temperatures and atmospheres; (b) XRD of B6, B3 and B5 at 965ºC  in 10%H2-Ar   
To investigate the transformations that could occur in this type of precursors heated in vacuum, the X-ray 
diffraction lines as a function of temperature for the as-made precursor B5 are shown in Fig. 2 (b). -alumina 
peaks [81-2266, marked with '10'] corresponding to the alumina substrate chamber of the high temperature 
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setup [Xpert, PANalytical] can be observed. At 300°C the formation of the phase FeWO4 and pure Fe are 
detected. At 600°C these peaks are very intense and actually the FeWO4 phase persists until around 1000°C 
in vacuum. In samples B3, B5 and B6 heated 1h up to 965ºC in 10% H2/Ar (Fig. 3 (b)) the formation of the 
metallic phase Fe (or W in B6), the carbide WC, but also sub-carbide W2C and carbides of -type: Fe3W3C 
(M6C) and Fe6W6C (M12C) was observed. The volumetric fraction of the phases was a function of 
composition. After the reduction step no oxides were detected. Figure 3 (a) shows the phases formed in the 
sample B3 after the different heat treatments. FeWO4 was not reduced up to 765ºC.  
 
In samples B3, B5 and B6 heated at 965ºC for 1h the following percentages (wt.%) of precipitated phases 
were (roughly) estimated through the areas of certain diffraction peaks in Fig 3 (b):  
 90.0% Fe3W3C (JCPDS 78-1990). 3.8% WC (73-0471). 6.2% Fe (01-1262) [B3], 
 53.4% Fe6W6C (72-1988). 12.2% Fe3W3C (78-1990). 34.4% Fe (01-1262) [B5], and 
 55.4% Fe3W3C (78-1990), 27.6% W2C (79-0743). 3.7% WC (79-0743). 13.3% W (01-1204) [B6].  
 
Then, B3 and B5 both with nominal W/Fe=1.5 are effectively different, not only owing to some metal 
impurity but most significantly to a lower C-content of the B5 specimen. B3 was the only sample for which 
Fe and WC, among other phases, were obtained. For similar thermal-treatment elemental Fe and sub-carbides 
Fe6W6C and Fe3W3C were obtained in sample B5. By contrast, for sample B6 (W/Fe=9) free Fe was not 
obtained and is characterized by a finite content of free W. Moreover, if the phases present after treatments 
under H2/Ar flow (965°C) are compared to that under Ar (1200°C) in sample B5, free Fe is obtained in both 
atmospheres. In the reduced sample Fe6W6C forms, whereas in the case of Ar Fe4C0.63 is apparently obtained. 
This confirms that these sol-gel masses contain carbon, although its level should be increased to avoid 
formation of sub-carbides.  
 
3.2 Particle size, densification trends and microstructure     
 
In Fig.4 (a) the nanoparticles precipitated in sample B5 after heat treatment at 825°C (1h, in 10% H2-Ar) 
are shown. The compound FeWO4 was partially reduced and transformed into FeW sub-carbides and residual 
carbon. The corresponding selected area diffraction ring pattern (SAD, not shown) presented d-spacings of 
0.5, 0.296, 0.37, 0.255 and 0.151nm. These values suggest the presence of FeWO4 and WC phases.  
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Fig.4. (a) TEM of B5 heated at 825ºC, 1h, 10%H2-Ar; (b) Expansion /densification of pellets of B5+HT4, under Ar or 10%H2-Ar 
The consolidation of pellets made of B5+HT4 was studied by dilatometry (Fig. 4(b)). It is noted that the 
samples show an expansion at low temperatures (up to 600-650ºC) and a rapid densification at higher 
temperatures. As previously reported, the DTA/DSC analysis under Ar-flow of B5 showed 
endothermic/exothermic reactions at 400 and ~700°C, which could be the reason for the expansion behavior. 
Such expansions could be attributed to some degassing Garcia and Lengauer, 2001, but no thermogravimetric 
data are yet available. XRD at high temperatures (under vacuum) for the same initial dry precursor B5 shows 
(Fig. 2 (b)) that the phases FeWO4 and Fe formed from ~300°C. No further significant phase transformations 
are detected up to 700ºC, where the expansion finished.  
 
For the sample densified under flowing 10%H2-Ar a significant densification between ~650 and 900°C is 
observed. For this range of temperature solid state sintering of a mixture of Fe and FeWCxO1-x can take place, 
Benavidez and González Oliver, 2005. As previously explained it can be stated that the main carbides/sub-
carbides phases are formed in this temperature range. For the sample re-heated in the dilatometer at the same 
rate and atmosphere no significant expansion is detected. From about 500°C the sample expands in a normal 
manner up to 900°C and continues densifying after this temperature. After this second reduction the 
crystalline phases Fe and Fe2W were obtained.  Fe2W is a type of Laves phase, Stein et al. 2005.  No 
remaining oxides are detected. Generally it was observed that consolidation increases the size of 
nanoparticles, which present agglomerates and local growth of certain particles.  
 
In Figures 5(a) and 5(b) two crystals of 40-60nm in size and a SAD pattern of the crystals for the specimen 
B5-HT4 are shown. From the spots the following interatomic spacings were obtained: 0.277, 0.121 and 
0.0877 nm. It is likely that the crystalline phase is the cubic phase Fe3W3C (JCPDS 78-1990) due to a very 
good agreement of previous d-spacings with the (hkl) reflections (400): 0.27717 nm and (911): 0.12169 nm of 
such compound. This supports the objective of making nanoparticles precipitated from a metal-organic mass.  
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Fig. 5. (a) TEM of B5-HT4 (850ºC); the bar denotes 20nm; (b) SAD of particles in Fig. 5 (a).    
In Figures 6 and 7 the microstructures of the samples run under Ar flow (Fig. 7 (a)) and 10% H2-Ar (Figs. 
6(a), 6 (b) and 7 (b)) are shown. The lobe in Fig. 6 (a) at the top right of the figure is a particle of pure Fe. In 
Fig. 6 (b) a fracture surface of the specimen heated twice in the dilatometer is shown. Nano porosity is clearly 
seen although the solid material is (at this reduced stage) a mixture of Fe and Fe2W.  In the sample densified 
in argon FeWO4 and almost pure Fe (dark grey phase) are detected. In Fig. 7 (b) the white areas are Fe2W 
composition and the dark areas are Fe. A very homogeneous distribution of Fe and Fe2W is observed. These 
later phases would be formed after intense reduction of FeWO4, Garcia and Lengauer 2001, Stein et al. 2005, 
Åkesson 1979 and Fernandes et al. 2007. The consolidated masses show particles sizes of a few micrometers 
indicating that the consolidation step (up to about 1030ºC) increased the particle size considerably.  
 
 
                                   
Fig. 6. (a) TEM of B5 after second dilatometric run in 10%H2-Ar (Fig. 4 (b)); the bar denotes 50nm; (b) SEM of fracture surface of B5 
after second dilatometric run in 10%H2-Ar; the bar denotes 1 m 
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Fig. 7. (a) SEM of polished B5 after dilatometric run in Ar (Fig. 4 (b)); the bar denotes 20 m; (b) SEM of polished B5 after second 
dilatometric run in 10%H2-Ar (see Fig. 4 (b)); the bar denotes 5 m  
4. Conclusions  
A variety of important crystalline phases of W carbides or W-Fe sub-carbides were produced from 
alkoxide sol-gel mixtures. The sol-gel masses were obtained by mixing alkoxide metal compounds such as for 
1 g of total metal it was added 4 g of copolymer P123. The aggregate of block copolymers provides part of the 
carbon needed to convert / reduce these compositions (FeWCxO1-x ). In this work the materials were partially 
oxidized to reduce the C content or only heat treated under neutral Ar atmosphere to maximize the C content. 
The use of 10%H2 was intended to simultaneously reduce the oxides and to form the carbides. After oxidation 
and reduction nanoparticles embedded in a metal matrix are formed, so that a metal matrix having W 
carbides/subcarbides finely and uniformly precipitated in the matrix was produced. During heating in a 
dilatometer under Ar or 10%H2-Ar flow, pellets made of nanoparticles with a W/Fe=1.5 ratio exhibited an 
expansion at low temperatures (400-600ºC) and then rapid densifications at higher temperatures. The 
expansion could be related to the conversion of the almost amorphous mass into a mixture containing FeWO4 
and Fe.  
In the pellet treated under a flow of 10%H2-Ar in the dilatometer a clear densification between 650ºC and 
900ºC was detected. This can be attributed to a solid state sintering stage of nanoparticles of Fe and 
FeWCxO1-x (Fe6W6C, Fe3W3C, W2C, WC, FeWO4) compositions. 
After a final treatment under H2 the composition B5 is completely reduced to particles of Laves phase 
Fe2W.  
The consolidated masses showed particles sizes of a few micrometers indicating that the densification step 
( 1030ºC) increased the particle size considerably.  
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